Abstract. Our goal in this study was to determine whether or not feeding young (4 months old) Alzheimer's disease model transgenic mice with a high fat diet (HFD), consisting of 32% fat, is capable of causing cognitive decline and whether treatment with ␤-alanyl-L-histidine (carnosine) is capable of reducing these effects. Carnosine is an endogenous antioxidant and antiglycating agent that is abundantly present in the brain and muscle tissues of vertebrates. After 8 weeks of feeding with HFD, we observed a significant decline in the contextual memory in transgenic mice fed with HFD as compared to transgenic mice fed with a normal diet as well as to normal diet-wild type mice. Treatment with carnosine at a dose of 5 mg/day for 6 weeks was effective in preventing cognitive decline, as the transgenic group fed with HFD and treated with carnosine displayed a level of cognition comparable to controls. No differences in senile plaque load were observed between all groups. However, we observed an increase in the expression of RAGE in blood vessels as well as increased microglial activation in the hippocampus of animals fed with HFD, effects that were reversed when treated with carnosine. Given these results, there is a possibility that inflammation and cerebrovascular abnormalities might be the cause of cognitive decline in this model.
INTRODUCTION
Alzheimer's disease (AD) is the most prevalent form of dementia associated with old age in today's society, being present in roughly 80% of all diagnosed cases of dementia [1, 2] . The onset of its symptoms typically begins with a subtle decline in memory and progresses to global deterioration and adaptive functioning. Recent years have seen the development of novel hypotheses, including a suggestion that has gained considerable strength recently, that there is a * Correspondence to: Tatsuhiro Hisatsune, Department of Integrated Biosciences, The University of Tokyo, Kashiwanoha 5-1-5, Biosciences Bldg., Room 402, Kashiwa, Chiba 277-8562, Japan. Tel.: +81 04 7136 3632; Fax: +81 04 7136 3633; E-mail: hisatsune@k.u-tokyo.ac.jp. correlation of lifestyle, obesity, and type 2 diabetes mellitus (T2DM), due to common symptoms observed in these conditions and AD. Cognitive deficits are also observed in patients suffering from T2DM [3] , and in recent years much progress has been made in elucidating the link between AD and T2DM in this regard. Moreover, a recent meta-analysis has also shown a positive correlation between T2DM, obesity, and AD, even though those risk factors seem to be independent of one another [4] . Obesity is a known risk factor for T2DM, and feeding animals with a high fat diet (HFD) is a novel experimental method for reproducing this condition in a laboratory environment [5] .
Oxidative stress is one of the earliest events that take place in the pathology observed in AD [6] . This was further evidenced by a study with postmortem 984
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AD patient samples that has shown the expression of oxidized RNA nucleosides and oxidized amino acid markers in the brains of AD patients [7] . Studies have also demonstrated an accumulation of peroxidized lipids in the brain following the period of feeding with a HFD, which suggests that oxidative stress plays a major role in the observed neuropathology. The accumulation of peroxidized lipids would also impart a certain level of neurological deficits on the offspring of female mice fed with an HFD, implying that the oxidative stress caused by this diet is widespread throughout the body [8] . A recent pivotal study [9] has shown that treatment with antioxidants concomitantly with the administration of donepezil, an acetylcholinesterase inhibitor commonly prescribed for the treatment of early-stage AD, yields a significant improvement in the cognitive function of patients when compared to those treated only with donepezil. The results of this study, taken together with other studies on oxidative stress, have given rise to the hypothesis that treatment with antioxidants is beneficial in the treatment of early-onset AD.
Among the many substances with antioxidant properties available, carnosine has been lauded as a particularly effective one. ␤-alanyl-L-histidine (carnosine) is a dipeptide consisting of ␤-alanine and histidine, found naturally in the muscle tissue of vertebrates. It is a strong antioxidant substance, being able to scavenge reactive oxygen species (ROS) and products of lipid peroxidation, such as unsaturated aldehydes, and also possessing strong anti-glycating capabilities. Over the past 20 years, studies have shown it to have many important roles in several processes, such as cytosolic buffering, immunomodulation, and neurotransmission [10] [11] [12] . Carnosine has been shown to exert a neuroprotective effect when applied before or after an episode of global-brain ischemia [13] . In the same study, it has also been shown to reduce the accumulation of malondialdehyde, a marker of lipid peroxidation, in the brains of animals subjected to an ischemic episode. Pretreatment with carnosine has also been reported as effective in decreasing infarct size, neuronal damage, and ROS levels in models of permanent cerebral ischemia [14] [15] [16] . The application of carnosine in vitro has also been reported to be partially effective in protecting neuronal cultures against damage induced by amyloid-␤ (A␤) [17] . While this particular study refutes the influence of ROS and free radicals on the damage caused by A␤ on neuronal cells, it brings forth the possibility of carnosine exerting a protective effect through its anti-glycating effects. Carnosine is a potent carbonyl scavenger and is capable of chelating transition metal ions, and as such, is considered to be an inhibitor of the formation of advanced glycation endproducts (AGE), a process that chemically alters long-lived proteins [18, 19] .
Based on this evidence, the objective of this research was to create a new model of obesity-related AD by utilizing HFD. After the establishment of the model, we aimed to evaluate whether the application of carnosine is capable of preventing, even if partially, the cognitive impairments observed in this model of AD. Furthermore, we also aimed to determine possible causes underlying this apparent cognitive decline.
MATERIALS AND METHODS

Animals
B6C3-Tg(A␤PP swe/PSEN1dE9)85Dbo/J AD model animals were purchased from Jackson Laboratories (Bar Harbor, Maine, USA) and subsequently bred and raised in our laboratory for continuous use in experiments. These animals express the Swedish variation of the phenotype, presenting both a chimeric human A␤PP transgene (Mo/HuApp695swe) and human PS1 transgene (missing exon 9) [20] .
These genes were transfected separately, and each transgene was driven by its own mouse prion protein (PrP). The use of this promoter ensures expression of the transgenes predominantly into central nervous system neurons.
The animals were interbred with wild type animals of the same lineage (B6C3, Jackson Laboratories, USA) in order to produce wild-type and transgenic animals of a similar background. Animals were initially purchased from Jackson Laboratories (USA) and all subsequent generations were bred at our laboratory. Pairings were carried out starting at 6 weeks of age, and all pairings were composed by one transgenic and one wild-type progenitor.
For the purposes of obtaining a sample consistent with the regular occurrence of AD in human populations, both male and female animals were used for this study.
Animals were kept in plastic cages in groups of up to 5 individuals depending on the genotype and age of their littermates. The animals were kept in a room maintained at 22 • C at a constant 12 h light-dark cycle. All experiments were carried out under the guidelines for animal experimentation enforced by The University of Tokyo.
Genotyping
After animals reached the breeding age (roughly 6 weeks of age), they were anesthetized briefly with ethyl-ether and 5 mm portions of the extremity of the tail were excised and kept ice-cold until the end of the procedure. Animals were kept under observation until the effects of the anesthetic were no longer observed. Tail sections were transferred to tubes containing a lysis buffer consisting of 100 mM Tris, 5 mM EDTA, 200 mM NaCl, and a Proteinase-K solution at a final concentration of 2 mg/mL. The tail sections immersed in this solution was then incubated at 55 • C overnight.
The cell lysate obtained from this procedure was then subjected to a DNA purification protocol. The final solution containing pure DNA was then subjected to a polymerase chain reaction amplification of the genomic regions containing the A␤PP and PrP transgenes. The amplified genomic sections were subjected to electrophoresis in a 0.6% agarose gel. Animals whose samples displayed bands at the densities for both PrP and A␤PP were considered transgenic for the purposes of this experiment.
Feeding with a high fat diet
Animals used for experimentation with HFD were fed with HFD-32 (CLEA Japan), a mouse feed consisting of 32% fat, for 8 weeks. The mice had access to these rations ad libitum, and portions were replaced every 2 days to prevent spoiling of the rations and subsequent ingestion of spoiled portions. Control animals were fed ad libitum with the standard rodent feed (MF rations, Oriental Yeast, Japan) utilized for all experimental animals in our laboratory. The components of both feeds are explained in Table 1 .
Treatment with carnosine
Animals used for experimentation with a long-term treatment with carnosine were given a steady dosage of carnosine diluted in de-ionized autoclaved drinking water at the concentration of 1 g/L. This treatment was started 2 weeks after the initial feeding with HFD and kept until the end of the experiments. Control animals had access to regular de-ionized autoclaved drinking water. All animals had access to drinking water, regular or supplemented with carnosine, ad libitum. Preliminary tests have shown that the presence of carnosine in the drinking water does not cause a significant difference in the amount of daily liquid intake by the mice. Water-diluted carnosine intake was measured to be at an average of 5.55 mL/day, averaging a daily intake of 5 mg of carnosine per mouse, and a 0.177 mg of carnosine per 1 g of weight at the start of the treatment.
Contextual and cued fear conditioning
In the last 3 days of feeding with HFD, a fear conditioning experiment was carried out as a means of evaluating the contextual and cued memory of the animals. To carry out this experiment, we utilized a fear conditioning apparatus made by Med Associates Inc. that consists of a metal-acrylic box connected to a video camera, allowing for automated recording and analysis of the experiments. The floor of the box consists of cylindrical metal bars that serve as a means of conducting an electrical current as an aversive stimulus. In order to set the contextual stimulus for the conditioning, the environment was established by constant illumination with a white light and the apparatus was sprayed with a solution of 70% isopropanol as to set an olfactory contextual stimulus.
Conditioning, contextual memory, and cued memory tests were carried out as previously described [21] .
Conditioning was carried out by inserting the animals into the apparatus for 370 s. 128 s after insertion, an aural tone was played, followed by a 0.75 mA electrical shock delivered through the floor of the apparatus. This aural stimulus followed by an electrical shock was repeated for a total of 3 times. The reaction of the animals to this aversive stimulus was recorded by the apparatus. 24 h after the conditioning, we carried out a contextual memory test. This was accomplished by inserting the animals into the apparatus for a total of 512 s, in the exact same environmental conditions as the first day of the experiment, without any further external aversive cues. The fear response of the animals, observable as a "freezing" behavior was evaluated and recorded for analysis. 24 h following the contextual memory test, the animals were subjected to a cued memory text. This test was performed by changing the environment of the apparatus and observing the freezing reaction to a long aural stimulus. In order to effectively change the environmental cues of the apparatus, we applied a red filter to the illumination of the apparatus, utilized pieces of plastic to make the inside of the apparatus into a triangular form, covered the floor grating with a white piece of plastic and changed the smell of the room with a 70% ethanol solution. The animals were inserted into this new environment for 640 s, and the same aural stimulus used in the conditioning was played continuously from 128 s after the animals were inserted until the end of the experiment.
The experimental procedures were captured by the video camera attached to the apparatus, and the resulting video file and raw data calculated by the video analysis software were used for the subsequent analyses. This experiment was carried out by an experimenter blinded to the experimental protocol.
Video data analysis
All data resulting from the video recordings of the experiments were analyzed by utilizing the VideoFreeze software provided by Med Associates Inc. Data recording was carried out with the following parameters: Motion threshold = 35, Minimum Freeze Duration = 7 frames. The video data was recorded at a rate of 15 frames per second. Sampling with these parameters allowed the software to identify a freezing episode when the animal did not display a pattern of motile behavior consistent with the exploration behavior displayed by rodents inserted into novel environments. The video analysis yielded data pertaining to the total of freeze episodes in the total time of the experiments, and this total was divided into equal parts accordingly in order to examine freezing behavior in relation to different stages of the test. In this manner, data for the conditioning experiment was split into 4 segments of 128 s each, to enable us to discern the freezing behavior related to each of the 3 conditioning cues. Data for the contextual memory experiment was sampled as 4 segments of 128 s each, in order to account for the fact that the animal acclimatizes to the environment as the experiment progresses. Data for the cued memory experiment was divided into 5 segments of 128 s, in order to account for acclimatizing to the continuous aural cue. Data segments up to the first 128 s were considered as pre-tone data, and the subsequent segments as post-tone.
Collection of blood samples
24 h after the last day of cognitive testing, animals were heated with an incandescent light bulb in order to cause vasodilation and facilitate the collection of blood. After being heated, animals were confined into a restriction tube, and their tail vein was cut with a razor blade at a depth suitable for bleeding. When bleeding occurred at an appropriate rate, approximately 500 L of blood were collected from each animal into microtubes. When bleeding was not sufficient, further cuts, up to a maximum of 3 were made, with caution as not to cause excessive suffering and/or permanent damage to the animals. Minimum blood volume obtained from any given animal was established as 10 L, and samples under that volume were properly discarded. Blood samples were then left to rest at room temperature for 1 h in order to promote coagulation. After 1 h, the tubes were lightly stirred as to detach the coagulated blood from the walls, and centrifuged at 4 • C at a speed of 5000 rpm for 15 min in order to separate blood components. After centrifuging, blood serum was collected from the samples and stored at -20 • C until analyses were performed. The rest of the blood was appropriately discarded.
Measurement of serum insulin levels
Insulin contained in the blood serum samples was measured using a commercially available kit for measuring blood insulin in mice (Morinaga, Japan).
Sample processing 24 h after the last day of cognitive testing, animals were sacrificed and perfused transcardially with a 4% paraformaldehyde solution for the fixation of the brain tissue. Brains samples were then obtained and incubated in the same 4% paraformaldehyde solution for 24 h. After this primary incubation, samples were incubated in a 30% sucrose/PBS solution for 3 days, before being embedded in Tissue-Tek OCT compound (Sakura Finetek, Japan) and frozen at -80 • C. Samples were then sliced at the thickness of 40 m in a Cryostat (Microm, Germany). The acquisition of brain slices started from the Bregma, and continued until roughly 48 slices containing the hippocampus were obtained. Slices were then submerged in a cryoprotectant solution and stored in a -30 • C freezer.
Histochemical staining
Samples were washed 3 times in TBS and incubated with X-34, a dye for staining senile plaques for 30 min.
X-34 (1,4-bis(3-carboxy-4-hydroxyphenylethyl)-benzene) is a highly fluorescent dye derived from Congo red that binds specifically to amyloid aggregates and allows for a detailed fluorescent visualization of the localization and distribution of senile plaques [22] .
The X-34 solution was synthesized in our laboratory from tetraethyl p-xylylenediphosphonate and 5-formylsalicylic acid. After staining with X-34, samples were briefly washed in TBS and incubated for 2 min in a 0.2 g% NaOH/80% ethanol solution. Samples were then washed again with TBS for 5 min and incubated with TOTO-3 iodide (Molecular Probes, USA) in TBS for 5 min, in order to stain cell nuclei. Samples were washed again with TBS for 5 min. Samples were then mounted on microscope slides and visualized using a fluorescence microscope equipped with an ultraviolet laser and an ultraviolet filter (Olympus, Japan). Images were then obtained utilizing a digital camera coupled to the microscope.
Immunohistochemical staining
Samples were washed 3 times in TBS containing 0.1% Triton-X (0.1% TBS-X), then blocked with 3% normal donkey serum diluted in 0.1% TBS-X for 30 min at room temperature. Following the blocking procedure, samples were then incubated with specific antibodies for the receptor for AGE (RAGE) (rabbit-derived; 1 : 100 dilution; Abcam Japan), cluster of differentiation 31 (CD-31) (mouse-derived; 1 : 50 dilution; BD Pharmingen Japan), glial fibrillary acidic protein (GFAP) (mouse-derived; 1 : 500 dilution; Sigma Japan), ionized calcium binding adaptor molecule 1 (Iba1) (rabbit-derived; 1 : 1000 dilution; Wako Japan), and acrolein (mouse-derived; 1 : 100 dilution; NOF Japan) overnight at 4 • C. Samples were then washed 3 more times with 0.1% TBS-X and incubated with specific secondary antibodies conjugated with Alexa-488 (donkey-derived; anti-rabbit; 1 : 1000; Molecular Probes) and Cy5 (donkey-derived; antimouse; 1 : 250; Jackson Immuno Research) for 2 h protected from light at room temperature. After incubation, samples were washed with TBS once, and then incubated with 4 6-diamidino-2-phenylindole (DAPI) (1 : 10000 dilution; Sigma) in TBS for 5 min. After one additional washing with TBS to remove excess DAPI, samples were mounted on microscope slides and visualized using a fluorescence microscope equipped with an ultraviolet laser and an ultraviolet filter (Olympus, Japan). Images were then obtained utilizing a digital camera coupled to the microscope.
Image processing
Images obtained through microscopy and X-34 staining were analyzed with the ImageJ software. A custom plugin was utilized in order to automatically establish the overall fluorescence of each imagine and calculate the percentage of the image covered by senile plaques (X-34 fluorescent spots). The plugin was used for automatic analysis, and the regions of interest (ROI) utilized for the analysis of each image were then inspected manually by an experimenter in a debug mode in order to properly eliminate false positives and negatives.
Statistical analyses
All data were analyzed for significant differences utilizing a non-paired two-tailed Student's t test. All differences were considered statistically significant when p < 0.05.
RESULTS
One of the objectives of this study was to establish a reliable model that encompasses risk factors suspected to be responsible for AD. As such, we sought to check whether a short term feeding with a HFD was capable of evoking cognitive decline in AD transgenic mice, and concomitantly we sought to determine whether a short term treatment with carnosine was effective in countering this decline. In this model, we used 4 month old transgenic animals, and fed them with a HFD diet for 2 months, performing cognitive test as they reached 6 months of age. Treatment with carnosine was carried out for 6 weeks, starting 2 weeks after the feeding with HFD began. The groups and timeline of this experiment are delineated in Fig. 1A . All groups in the experiment were treated and evaluated at the same time, but for ease of understanding we shall explain the experiments progressively through a logical progression of the observed results. Wild-type and transgenic animals were subject to a regulated diet for 2 months before cognitive testing. Control animals were fed with MF feed (Oriental Yeast, Japan; refer to Table 1 ) ad libitum for the whole duration of the experiment. Animals fed with a high fat diet (HFD-32; CLEA, Japan; refer to Table 1 ) for a period of 2 months, starting at 4 months of age. Rations were discarded and replaced every 2 days as to prevent spoiling. Rations were given in a quantity that allowed animals to feed ad libitum. 2 weeks after the beginning of the feeding, animals treated with carnosine were given carnosine at a dose of 5 mg/day, administered through their drinking water. The treatment continued until the end of the experiment. 2 months after the start of the experiment, animals were subjected to a contextual fear conditioning test. B) Weight of the animals throughout the experiment. Animals fed with HFD displayed markedly increased weight at the end of the experiment. Consumption of carnosine did not influence weight gain on any of the groups tested. C) Serum insulin levels of animals utilized in the experiments. 24 h after the end of the cognitive experiments animals here heated to provoke vasodilation, immobilized, and had minor cuts made on their tails in order to partially cut the tail vein and cause bleeding. Blood samples were centrifuged, and only the serum was used for the analysis. Analysis was carried out utilizing a mouse-specific commercially available serum insulin assay kit. Bars: SEM; Wt, wild-type; Tg, transgenic; HFD, high fat diet; Ca, carnosine; ND, normal diet. n ≥ 3 for all groups.
First we set to determine whether feeding with HFD for a relatively short period (8 weeks, or 2 months approximately) would impart in those animals a degree of obesity and the related metabolic syndrome sufficient for evoking AD-like symptoms. As a result, we observed that feeding with an HFD for a period of 8 weeks was enough to evoke a significant increase in body weight, which was not capable of being reverted by treatment with carnosine (Fig. 1B) .
We measured the insulin levels of blood samples collected from the animals, in order to assess whether feeding with HFD would cause hyperinsulinemia, a condition that indicates the occurrence of a metabolic syndrome. As a result, feeding with HFD seemed to cause an increased level of insulin in the blood of the animals, and treatment with carnosine did not significantly alter the levels of blood insulin (Fig. 1C) . Fig. 2 . Contextual memory impairment in transgenic young mice fed with a high fat diet (HFD). Young wild type and transgenic mice (6 months old) were fed with a HFD for 2 months, and were then subjected to the fear conditioning test in order to assess whether feeding with a HFD is capable of evoking cognitive impairments. A) Comparison between the wild-type control group and the wild-type group fed with a HFD. B) Comparison between the transgenic control group and the transgenic group fed with a HFD. C) Comparison between the wild-type and transgenic groups fed with a HFD. D) Comparison of the total freezing time observed it the experiment in all groups. Bars: SEM; Wt, wild-type; Tg, transgenic; HFD, high fat diet. n = 11 for the wild-type group, n = 10 for the wild-type group fed with a HFD, and n = 13 for the transgenic groups; * p < 0.05, * * p < 0.01. This treatment was also capable of causing cognitive impairments in the contextual memory (p < 0.05 for the transgenic group fed with a HFD when compared to the wild-type group fed with a regular diet and p < 0.01 when compared to the transgenic group fed with a regular diet) (Fig. 2) . That degree of cognitive impairment was considered similar to that observed as a symptom of the onset of AD in aged animals, utilized in previous experiments in our laboratory.
Transgenic animals fed with a HFD also presented a slight impairment on their cued memory (p < 0.05 for the transgenic group fed with a HFD when compared to the wild-type group fed with a regular diet) (Fig. 3) , an effect that was not observed in aged animals (data not shown). This data suggests that feeding with a HFD imparts a wider functional impairment than the one caused solely by the genetic background of the transgenic animals.
After evaluating the extent of the cognitive deficits elicited by feeding with a HFD, we arranged to examine whether a short-term treatment (6 weeks) with carnosine, an antioxidant compound found naturally in the muscle and brain tissue of mammals, was capable of preventing the cognitive decline caused by feeding with an HFD in transgenic AD model animals.
Treatment with carnosine, at a dose of 5 mg/day, administered through the drinking water proved effective in preventing the cognitive decline observed in the animals fed with HFD. This effect was seen both in their contextual (Fig. 4) and cued memory (Fig. 5) . The treatment was able to maintain cognition and memory to a level statistically comparable to the control group, further attesting to its effectiveness.
Following the analysis of blood samples, brain samples were analyzed for the presence of senile plaques that would indicate the onset of AD at the histological Fig. 3 . Cued memory impairment in transgenic young mice fed with a high fat diet (HFD). Young wild type and transgenic mice (6 months old) were fed with a HFD for 2 months, and were then subjected to the fear conditioning test in order to assess whether feeding with a HFD is capable of evoking cognitive impairments. A) Comparison between the wild-type control group and the wild-type group fed with a HFD. B) Comparison between the transgenic control group and the transgenic group fed with a HFD. C) Comparison between the wild-type and transgenic groups fed with a HFD. D) Comparison of the total freezing time observed it the experiment in all groups. For the purposes of this experiment, only time points after the aural cue were used to calculate the total freezing time. Bars: SEM; Wt, wild-type; Tg, transgenic; HFD, high fat diet. n = 11 for the wild-type group, n = 10 for the wild-type group fed with a HFD, and n = 13 for the transgenic groups; * p < 0.05, * * p < 0.01. and cellular level. As a result, we could observe no senile plaques in the hippocampus of wild-type animals (data not shown), fed with a regular diet or HFD, and treating these animals with carnosine did not cause any changes on the formation of senile plaques on the hippocampus (data not shown). Interestingly, while we did not observe any significant cognitive deficits in the young transgenic animals fed with a normal diet, we did observe the formation of senile plaques in their hippocampi (Fig. 6A) . This fact indicates that the presence of senile plaques per se might not be an effective indicator of cognitive deficits, at least in this particular animal model of AD. Treatment with carnosine during the time of feeding with a HFD was not capable of preventing the formation of senile plaques in the hippocampus of transgenic animals (Fig. 6A) . From that point, we recurred to software analysis to determine whether there were any significant differences in the formation of senile plaques among all groups. As a result, we found no difference in the area covered by senile plaques in the hippocampus of animals from all groups (Fig. 6B) . Interestingly, treatment with carnosine did not seem to be effective in countering the formation of senile plaques, indicating that it exerts its protective or healing effects through means that are independent of the amyloidogenic pathway.
Following these experiments, we next aimed to determine which changes might be responsible for this evident decline in cognition. Given the reported antiglycating properties of carnosine, we postulated that an increase in glycated proteins caused by feeding with HFD would reflect in an increase in the expression of RAGE in the brain. Thus, we proceeded to stain Fig. 4 . Contextual memory impairment in transgenic young mice fed with a high fat diet (HFD) and treated with carnosine. Young transgenic mice (6 months old) were fed with a HFD for 2 months and treated with carnosine (5 mg/day) in their drinking water for the final 4 weeks of the feeding. Animals were then subjected to a fear conditioning test. A) Comparative graph of the freezing time of the animals from all wild-type groups; B) Comparative graph of the freezing time of the animals from all transgenic groups; C) Comparison of the total freezing time of the animals during the total time of the experiment. Bars: SEM; Wt, wild-type; Tg, transgenic; HFD, high fat diet; Ca, carnosine. n = 11 for the wild-type control group, n = 10 for the wild-type group fed with HFD, n = 12 for the wild-type group fed with HFD and treated with carnosine, n = 13 for the transgenic control group, n = 13 for the transgenic group fed with HFD, and n = 11 for the transgenic group fed with a HFD and treated with carnosine. * Comparison between Tg Ctrl and Tg HFD; # Comparison between Tg HFD and Tg HFD+Ca; * , % p < 0.05; * * , ## p < 0.01. brain sections for differences in the levels of RAGE among groups. As a result, we observed an increase in the expression of RAGE in blood vessels in the CA3 region of the hippocampus of transgenic animals fed with HFD (Fig. 7D) , something that was not observed either in wild-type animals fed with a normal diet, nor in transgenic animals fed with HFD and treated with carnosine. Furthermore, we also observed an enlargement of the blood vessels in the CA3 region of the hippocampus of transgenic animals fed with HFD (Fig. 7D, arrows) . This enlargement was not observed in transgenic animals fed with HFD and treated with carnosine. Following this experiment, we aimed to evaluate whether oxidative stress could be a factor in the observed results. For this reason, we have stained brain sections for acrolein, a marker of peroxidized lipids [23, 24] . As a result, we did not observe a significant difference in the accumulation of acrolein between the transgenic groups (Fig. 7J-L) .
As inflammation has been reported to be a cause for cognitive decline, we also stained brain sections of the animals utilized in this study for microglial activation that would give us an insight into the histological changes that might be occurring in this model. As a result, we observed that AD mice fed with HFD caused increased microglial activation in the hippocampus (Fig. 8B) , something that was not observed in transgenic animals fed with a normal diet (Fig. 8A) as well as wild-type animals fed with a normal diet and wildtype mice fed with HFD (data not shown). This piece of data suggests that neither AD phenotype nor HFD on their own are capable of causing increased microglial Fig. 5 . Cued memory impairment in transgenic young mice fed with a high fat diet (HFD) and treated with carnosine. Young transgenic mice (6 months old) were fed with a HFD for 2 months and treated with carnosine (5 mg/day) in their drinking water for the final 4 weeks of the feeding. Animals were then subjected to a fear conditioning test. A) Comparative graph of the freezing time of the animals from all wild-type groups; B) Comparative graph of the freezing time of the animals from all transgenic groups; C) Comparison of the total freezing time of the animals in the wild-type groups during the total time of the experiment; D) Comparison of the total freezing time of the animals in the transgenic groups during the total time of the experiment. For the purposes of this experiment, only time points after the aural cue were used to calculate the total freezing time. Bars: SEM; Wt, wild-type; Tg, transgenic; HFD, high fat diet; Ca, carnosine. n = 11 for the wild-type control group, n = 10 for the wild-type group fed with HFD, n = 12 for the wild-type group fed with HFD and treated with carnosine, n = 13 for the transgenic control group, n = 13 for the transgenic group fed with HFD and n = 11 for the transgenic group fed with a HFD and treated with carnosine. activation, both being required for the occurrence of this phenomenon. Surprisingly, treatment with carnosine proved effective in preventing this increased microglial activation (Fig. 8C) , suggesting that carnosine might interfere with inflammatory pathways. Taken as a whole, these results suggest that treatment with carnosine prevents cognitive decline by preventing an increase in the expression of RAGE and microglial activation.
DISCUSSION
In summary, the present research has demonstrated that changes in cognitive function were seen between AD transgenic mice fed with HFD and AD transgenic mice fed with normal diet, and amelioration of these detrimental changes with carnosine in the AD mice fed with HFD. However, treatment with carnosine was not capable of preventing or altering the deposition of A␤ in this model. These results suggest that changes in cognitive function are not solely linked to A␤ deposition, but rather caused by the combination of A␤ deposition and something else, possibly an increased expression of RAGE, alongside cerebrovascular alterations and microglial activation.
Through this study we arrived at results that suggest that when the genetic background for AD is present, obesity per se is not necessarily a main cause for the onset of the cognitive deficits seen in AD mice, as obesity itself had no effect on the cognitive performance of wild-type mice. As transgenic animals treated with carnosine displayed normal cognitive performance, yet remained in the same weight range as their cognitively impaired littermates, the data herein presented suggests that if those genetic risk factors are present, obesity might then be the trigger, but not the main effector in a cascade of events that culminates in the decay of cognitive functions. This fact is further attested by the finding of increased expression of RAGE and increased microglial activation in transgenic animals fed with HFD, indicating that there might be some intricate relationship between the deposition of the A␤ and the responses evoked by obesity, that synergistically evoke elevated oxidative responses in the brain of transgenic mice fed with HFD. Likewise, feeding with HFD caused significant changes in the blood vessels in the hippocampus, suggesting that the underlying causes for cognitive decline also are capable of causing alterations in the cerebrovascular structure. These pieces of data suggest that while A␤ is a key factor in the etiology of AD, microglial activation, cerebrovascular alterations, and increases in both AGE and RAGE levels could be also largely responsible for cognitive decline, at least in the present model. AGEs are markers of carbonyl stress that accumulate due to an increased level of sugars. Their formation is irreversible, and their accumulation has been shown to lead to protein deposition and amyloidosis [25] . AGEs usually exert an effect on the brain through RAGE. RAGE has been implicated in the mediation of A␤ toxicity by binding to this peptide and transporting it across the blood-brain barrier, leading to neuroinflammation and neuronal dysfunction. Studies have also shown an increased expression of RAGE in cerebral microvessels in animal models of AD, a result that we have managed to replicate [26, 27] . An increase in the expression of RAGE has been observed in a model of formation of AGEs in vivo induced by methylglyoxal, a reactive aldehyde formed in glucose oxidation or lipid peroxidation [28] . The same study also showed that an increase formation of AGEs is capable of causing endothelial dysfunction, and as such the AGE-RAGE system is a possible cause for the vascular abnormalities observed in our study. We however, did not observe changes in lipid peroxidation, as assessed by Fig. 7 . Immunohistochemical analysis. 24 h after the end of the cognitive experiments brain samples were obtained and slices for analysis were prepared. Brain sections were preincubated with DAPI (marker of cell nuclei) and primary antibodies for cluster of differentiation 31 (CD-31; marker of blood vessels), receptor for advanced glycation end-products (RAGE), and acrolein (marker of lipid peroxidation). A significant increase in the expression of RAGE in the blood vessels of the CA3 region of the hippocampus was observed in the transgenic animals fed with a high fat diet (HFD). This increased expression was accompanied by an apparent dilation of the blood vessels. These particularities were not observed in the transgenic animals fed with HFD and treated with carnosine. No differences in the accumulation of acrolein were seen between the groups. A-C) CA3 region of the hippocampus of a wild-type animal fed with a regular diet. acrolein immunostaining [23, 24] , indicating that lipid peroxidation might not be necessary for activating the AGE-RAGE system in our model. These previous studies, when taken in conjunction with the data presented herein, suggests that the upregulation of RAGE is directly related to cognitive decline in animal models of AD. The apparent neuroinflammation and dilation of blood vessels we observed in our experiments corroborates findings of other studies, such as that of Takeda et al. [29] , that demonstrated that a double transgenic mouse model for type 1 diabetes mellitus and AD displays cerebrovascular inflammation and A␤ deposition, along with cognitive deficits.
Inflammation might be also one of the factors contributing to the cognitive deficits observed in this model, as we were able to observe increased microglial activation in the hippocampus. That fact alone could account for the differences in contextual memory among the groups utilized for this study. However, we could not observe any differences in microglial activation in the amygdala (unpublished observation), and as such, the reason why differences were observed in the cued memory remain elusive. Nevertheless, while inflammation might not be the initial trigger for neurodegenerative diseases, it has become hard to deny that it plays a significant role in their progression [30] . Experiments with animal models have also shown that an increase in inflammatory mediators such as interleukin 1␤ is capable of inducing impairments in contextual and spatial memory [31] . While it is still unclear how a treatment with carnosine would affect neuroinflammation, our results suggest that it might modulate not inflammation itself, but instead a set of other factors that might lead to inflammation.
Among the putative risk factors for the early onset of AD, for the present research we focused on the induction of a metabolic syndrome, a condition that arises from obesity and encompasses hypercholesterolemia, hyperglycemia, and a systemic resistance to insulin. A metabolic syndrome is taken to be one of the first indicators of the etiology of T2DM, and has also been implicated in the progression of dementia and AD [32, 33] . Likewise, patients affected by T2DM have been found to display a roughly two-fold risk of developing AD later in life, a fact that has since been elaborated on by in extensive reviews such as the ones by Li et al. [34] and Sims-Robinson et al. [33] . Developing on this theoretical and experimental background, we aimed to reproduce this type of risk factor in our animal model by feeding wild-type and AD model transgenic mice with a HFD for 2 months, a period we deemed to be of sufficient length to evoke a metabolic syndrome in mice, and the subsequent pathological symptoms of AD. We can thus propose a model for explaining why T2DM is a risk factor for AD, as a synergistic interaction of the complications seen in T2DM and accumulation of the A␤ peptide might be capable of causing cerebrovascular damage that would in turn lead to AD.
Given that the formation of AGEs seems to be a major effector in the development of cognitive deficits, it is highly possible that a treatment with anti-glycating agents would be effective in the prevention of this condition. A report [35] has shown that carnosine is stable in the serum and is available up to 60 min after dissolution in rats, indicating that it might be a viable therapeutic candidate. The successful prevention of cognitive decline achieved by a 6-week treatment with carnosine reinforces that notion, and opens many possibilities for future research. In conclusion, we have observed that cognitive changes in this model seem to not be dependent only on A␤, but also on other factors, such as increases in RAGE expression, cerebrovascular abnormalities and neuroinflammation.
